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This report describes an investigation of the torsion creep-to- 
rupture properties on the alloy steel N-155. Rupture t-8 in the 
lO-to-lOOO-hour range were considered and tests were made at the temper- 
atures lx)O", 1350°, and 1500° F. The effect of stress concentration 
in the form of transverse circular holes was investisted under the 
same conditions. Comparisons of the effects of simple combined stresses 
(as in torsion) were made with tension creep-to-rupture properties. 

It was found that the ratio of the shear stress to tensfle stress 
for a given time to rupture was about 0.74 for both long- and short-time 
tests at 1200° and 1350° F, but varied from this figure to about 0.65 
for the short-time tests at 1500' F. The effect of the stress concen- 
tration produced by circular holes was to reduce the time to rupture 
at 1x)0' F by a factor of 25. At 1500° F this factor was approximately 3. 

lRTR0lXEr10N 

Although the effect of combined stresses on creep has received 
some attention (references 1 to 3), there is practically no information 
available on their influence on creep-to-rupture properties (reference 4). 
This is in spite of the fact that states of combined stresses are 
present in most machine parts where creep-to-rupture properties are 
fmportant. 

In addition, the influence of stress concentration, which again 
is usually present to varying degrees in most designs, on the creep-to- 
rupture properties is practically *w-n. 

. 

The present investigation, while largely limited to torsion, is an 
attempt to supply some useful data on these hitherto unsolved problems 
as it refers to the alloy steel N-155 of Fmportsnce Fn gas-turbine 
applications. A description of the apparatus is given together with 
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the testing method adopted. Following this a discussion is presented 
of the results including the effects of combined stresses and stress 
concentration on the creep-to-rupture properties of this alloy. 

This investigation was conducted at the Massachusetts Institute of 
Technology under the sponsorship and with the financial assislxnce of 
the National Advisory Committee for Aeronautics. The authors wish to 
aclmowledge the interest and support received during this work from the 
various members of the Szibcommfttee on Heat*esistFng Materials of the 
NACA and from Professor C. R. Soderberg of the Massachusetts Institute 
of Technology. Professor N. J. Grant was particulsrly helpful in 
connection with the study of the crack formation and with general advice 
on various phases of the program. 

DRSCRIPTION OF APPAREPUS 

The generalarrarigementof the testing frame is shown in the 
accompany- photographs. Figure 1 shows the entire frame with the 
furnace in position. The specimen fa positioned by a shaft from above 
anda ruggedbearingb below. The latter consists of a b-inch-square 
inner piece, a hollow square block, and rollers in between, so that the 
specimen although constrained from rotation is free from any axial load. 
Because of the weight of the W piece of the bearing, two counter- 
weights c must be provided to eliminate any axial stress In the specimen. 

The general features of the loading arrangement are seen Fn 
figures 1 to 3. The torque is applied as a couple by two wires going 
on to a 24-inch pulley j which is clearly seen in figure 2. The se 
wires sre in turn loaded by two levers d, one on each aide of the 
machtie. From the outer ends of these levers are suspended weights on 
a scale pan, while onthe ends of the levers nearer to their fulcrums 
there are counterweights s (fig. 3) which obviate any tare correction 
in calculating torque. 

I. 
The loading system has been designed to apply either a clockwise 

or counterclockwise torque; to this end there are actually four wire 
connections to the main pulley j, one pair correspontig to the clock- 
wise torque and the other to the opposite torque. 

Restricting discussion to one of the levers, the operation of the 
system will be described. A wtie comes off the main pulley j over the 
appropriate one of the sheaves K (fig. 2) and goes down and around one 
of the two sheaves r at the lever d. These sheaves are seen in figure 3 
and are attached to small weights. Depending on the direction of the 
torque, either one or the other of these sheaves bears against the 
lever, From this sheave the wire goes up to a take-up drum h (fig, 2) 
driven through a gear reducer e by a motorized reducer f. 
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. 
As the specimen deforms, the pulley j rotates and the lever d drops. 

When this proceeds fsr enough, a microswitch at t (fig. 3) actuates the 
motorized gear reducer f and as the take-up drum h revolves, the lever 
is restored to its initial position. Thewireleamthe take-up drum 
goes down to that one of the small sheaves r which is not bearing 
against the lever d and back up to feed on the main pulley j. This 
comparatively slack tie, having gone through one of the small sheaves r, 
has a definite tension due to the attached weight of the sheave which 
prevents slipping on the take-up drum h and assures its correct feeding 
on to the pulley j. It incidentally exerts abacktorque on the 
specimen, but this effect is exactly csncelled by the contribution of the 
weightattachedto the other sheavewhichisbearingagafnstthelever. 

This system has distinct advantages. It sllows as much as three 
fullturnsofthe apecimenwithouthavinglargeweig4tswhfchmight 
drop through a considerable diatsnce upon fracture of the specimen. 
This is a worth-while feature since there are nine other creep frames 
in the ssme laboratory. In addition, the torque may be easily reversed 
without disturbing the specimen although this is of no significance in 
the present investigation. 

n 

Figure 3, inwhich the furnace has been removed, shows the 
connections of the test specimen. Between the shaft v, the inner piece 
of the bearing b, sndthe specimen qthere are adaptors c. The torque 
is applied through tang and @Tcove connections between the various 
members. (These are concealed by the sleeves p and nuts n.) The 
adaptors have been included because the parts close to the specimen get 
extremely hot and it was feared they might suffer some distortion. 

In the course of normal operation no such distortion has occurred, 
although in one run a specimen was not properly seated and severe 
deformation of the grip resulted, necessitating repair of the part. A 
further advantage of the adaptors lies in the fact that a modification 
of the specimenfroml2- to k-inch over-alllengthwithna change in 
test section could be made without requiring great changes in the testing 
machinettself. Thismodified specimen shown in figure &has resulted 
in an appreciable reduction of machining costs because of a decrease in 
drilling time. 

c 

The angular strain is measured and recorded by fixing grips within 
thehollow specimen. One of these is attached to a tube which in turn 
is attached to a brass commutator m (fig. 2), while the other is 
attached to a rod which goes through the tube and is attached to an 
arm 2 carrying a stylus. The surface of the commutator is formed of 
alternate strips of conducting and nonconducting material. 

. 
This relative motion causes the stylus to cross from conducting to 

nonconducting regions, fixed increments of strain causing either the 
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make or break-of an electric circuit which is recorded by a multistation 
time clock. This time clock handles information from six creep units 
and stamps both time and an appropriate identifying symbol on a paper 
tape similar to those used in adding machines. Thus the times at which 
fixed increments of strain occur are taken from the time-clock taps by 
copying all time stamps accompanied by the symbol designating the par- 
ticular creep machine. 

It was found that the commutator gave many extraneous indications 
since vibrations could cause the stylus to jump from conductFng to 
nonconducting regions. Although these were, in general, close enough 
in time to the correct indication to be interpreted correctly as 
extraneous, they did lead to some confusion. Since the magnitude of 
rotation of the torsion creep specimens was so large, there was no need 
for as many indications as were possible with the commutator. Accordingly, 
a l&)-tooth gear was substituted with a microswitch arm replacing the 
stylus. In the course of the test, relative motion between these two 
caused the end of the microswitch arm to follow the gear-tooth profile. 
so that for every tooth, of 2', the microswitch would make and break 
the time-clock circuit. Although the "make to break" and "break to maketl 
intervals were not the same without very careful adjustment of the 
position of the microswitch, every alternate reading, that is, only 
"makes" or "breaks," provided more than enough points to define the 
creep curves. 

In spite of the fact that several tests were run using the gear- 
microswitch arrangement without noticing any irregularity in readings 
it was feared that the gear-tooth profile, which had definite corners, 
might at some time cause the microswitch arm to become caught to such 
an extent that elastic deflections or even creep in the strain-measurement 
system might become appreciable. Instead of trying to smooth the I gear-tooth profile by machining, an easy substitute was reached by 
substituting a 112-tooth chain sprocket that had a very smooth tooth 
profile which is followed very readily by the roller end of the micro- 
switch arm. 

l 
This time-clock system of strati measurement has been applied 

successfully to two other types of testing machines in the Creep and 
Plastic Flow Laboratory. Its operation is independent of working hours 
and hence a test in the difficult l- to b-day range may be recorded in 
its entirety without large gaps in the data. Unfortunately, the weak 
spot in the system is the commercial time clock - the two clocks in this 
laboratory having had a very poor performance record. At least six 
servicing8 and one factory rebuilding apiece have failed to eliminate 
this trouble. The manufacturer is at this time building modified 
replacement units of new design to remedy the difficulty which consists 
of sudden departures from the correct time. Such errors can often be 
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detected by close checking of the time recorders to avoid inclusion of 
erroneous data, but much time was lost by the erratic behavior of the 
clocks. 

The temperature-control system in this laboratory employs Brown 
Electronik controllers which may be seen together with the rest of the 
control system in figure 5. These instruments, which are of the on-off 
type, have a control-point sensitivity of about *lo F. They actuate 
relays which throw a resistance in or out of series with the furnace 
windings so that the whole system may be described as "on - partially 
off." The two steady-state temperatures corresponding to the series 
resistance "inrr and "out" straddle the control temperature sufficiently 
so that the demands caused by the greatest possible changes in s&lent 
temperaturemaybemet. 

The specimen is fitted with five thermocouples, one going to the 
controller, one to a multistation recorder, and three to a switch panel 
for reading by a type K potentiometer. These three are used for the 
setting of taperatures at the beg&ng of the test and act as a check 
on the accuracy of the set-point of the controller. 

TEST PROCEDURE 

The operation of the equimt in connection with the creep-to- 
rupture testing procedure for plain specimens ha% been covered in the 
section '*Description of Apparatus.** The strain-measuring and recording 
devices are automatic, although, as noted earlier, poor time-clock 
performance necessitated frequent checks and the eventual installation 
of an independently actuated periodic signal to give an automatic 
running check. 

For tests using stress-concentration specimens in which the defor- 
mation is a combination of that localized around the hole and that in 
the rest of the specfmen, the more elaborate recording of the relative 
motion of two planes at the extremities of the gage length was not 
considered worth while. Instead, the head motion of the machine was 
recorded which included the elastic deflection of the shaft and the 
pips. The greatest possible error thus introduced is about 0.01 in 
the fracture strain values reported in table I, the errors always being 
such that the tabulated values are too high. 

c 
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TESTRESULTS 

Figure 6 and table II give a summary of the torsion stress-rupture 
data. It is seen that these data may be represented by a lo@;arithmic 
stress-rupture-time curve in much the ssme way as for tension stress- 
rupture data. Some of the fractured specimens for these tests are shown 
in figure 7. 

An 0.080~inch wall thickness was used for all of the tests at 
lx)O" F and all but three of the tests at 1350° and lwO" F used speci- 
mens with a wall thickness of 0.100 inch. As may be seen from the 
photographs the specimens exhibit varying degrees of unsymmetrical 
distortion after fracture. This is to be expected since once the frac- 
ture has begun the symmetry originally existing has been destroyed. In 
addition, the fractures are not complete in the sense that the specimens 
are separated into two distinct pieces and the design of the machine is 
such that the load is not removed after the sudden deflection indicating 
failure, but decreases during a relaxation process as the upper section 
of the specimen rotates relative to the fixed lower part. Depending on 
the position of the loading lever arms this distortion after fracture 
may add an additional rotation of the order of 5' to the final twist of 
the specimen. 

A comparison of tension and torsion stress-rupture data as shown 
in figure 6 shows that the tension and torsion curves are very nearly 
parallel. Stated another way, T./U, the ratio of shear stress to 
tension stress to produce rupture in a given length of time, is very 
nearly constant at EOOo and 1350' F. This stress ratio for both the 
short- and long-time portions of the curves is given in table III. 

The tension stress-rupture data are for stock from the same heat 
of low-carbon N-155 (heat ~-1726) having the s&me heat treatment, that 
is, 1 hour at 2200' F followed by a water quench and aging for 16 hours 
at 1400' F. 

This information is from two sources: Unpublished data, stibject 
to revision, furnished by Dr. James Freeman of the University of Michigan 
and the results of tests performed in the Metallurgy Department of 
M.I.T, using specimens cut from-the same bar stock as WE+S used.for 
machining the torsion specimens and from such a position that both the 
axis of the tensile specimens and the mesn radius of the wall of the 
torsion specimens lay at the ssme radial position in the unmachined 
stock. 

The type of fracture varies considerably as seen from figure 7. 
At 1200° F the over-all appearance of the fracture for short-time tests 
is suggestive of a tension crack of a helical nature. Closer examination 
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shows, however, that the cracks having this appearance are really composed 
of stepwise alternate axial and tangential portions. Atthehigher 
temperatures, in general, cracksran circumferentially indicatinga true 
&ear failure. 

Metallurgical examination of some specimens at first showed no 
regularity as to whether failures were trsnecrystalline or intercrystal- 
line. It was realized that much depended upon the selection of the 
correct area for examination, that is, the area where the crackOwaa 
initiated. Once the crack was formed, the original state of stress was 
considerably altered. Accordingly, more specfmens were examined with 
particular care being paid to the determination of the actual origin of 
the fracture. Two specimens for each of the three test temperatures 
were studied, one for a test of short duration and one for a longer 
period. As may be seen in table II, all of these cracks (except for the 
long-time test at lwO" F) are pre dominantly transcrystalline. Atypical 
photomicrograph is shown in figure 8. 

Figures 9 to ll show strain-time curves for three different 
temperatures. The test results for specimens through which a l/8-inch 
transverse hole hadbeen drilled are presented in figure 12 and table I. 
Figure 13 shows a typical fractured specimen for each of the three 
temperatures. The failures are of the tension type with a smooth crack 
emsnatingfromeach side of the hole. 

The effects of,this stress concentration are very marked indeed, 
sndsre presented in two forma in table IV.. 

The stress-concentration factor in table IV is defined as the ratio 
of the nominal shear stress for a plain specimen to the nominal shear 
stress for a stress-concentration specimen needed to produce rupture in 
a given time. The-time-to-rupture factor is the ratio of rupture life 
for plain specimens to the rupture life for stress-concentration specimens 
at the s&me nominal stress level. 

DISCUWtON 

Perhaps the most striking difference between tension and torsion 
creep-to-rupture curves is the superficial difference in shape of the 
two types of curves. A glance at figure 9 shows, especially for the 
longer tests, that the linear portions of the torsion creep curves are 
relatively small as compared with those received in tension creep tests; 
that is, secondary creep comprises a much Bmauer portion of the time 
to rupture for this material. 

. 
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Figure 14 shows a more valid comparison than that mentioned above. 
Here, both tension and torsion creep curves are plotted together with 
shear strains from the torsion tests appropriately reduced by the 
factorc The two torsion creep curves are seen to fit into the family 
of tension creep curves for the moderate values of strain included in 
the figure. However, the three tension creep curves adjacent to the 
two torsion curves are represented in their entirety, exchding the short 
period of rapid strati immediately before fracture, whereas only one- 
fourth of the total strati and one-third of the total time is included 
for the torsion creep curves. 

Hence the relationship between tension and torsion creep curves 
mi&tbe summarized as follows: 

Up to equivalent strains nearly corresponding to the final secondary 
creep strains in-the tension test, tension..and_torsi-on.creep curves are 
somewhat similar. However, beyond these values of strain, the tension 
specimen experiences a rapid straining leading to early fracture while 
the torsion specimen continues at nearly constant strain rate for a 
time and then with ever-increasing strain rate to fracture. The period 
of similarity between the two types of tests represents almost the total 
time to rupture for the tension test but only about a third of the 
period of the torsion test with this alloy. 

The fracture surfaces studied near the origin of fracture showed 
predominantly transcrystalline failures as seen in table II, the one 
exception being the long-time test at 15CC" F. Figkre 8 shows a trans- 
crystalline failure typical of those at the lower temperatures. 

Examination of these specimens showed widely varying grain sizes 
and the failures were In general mixed, but could be labeled predomi- 
nantly transcrystalllne. It is possible that the one exception noted 
above was due to the uncertainties involved in locating the origin of 
fracture. 

Assuming the majority of the fracture evidence to be correct, it 
agrees well with a creep-failure theory proposed by Siegfried 
(reference 5). This argument explains abreakinthe logarithmic 
stress-time-to-rupture curve and its accompanying change from trans- 
crystalline to intercrystalline failure by reasoning that the former, 
associated with shear, is due to the deviator component of a state of 
stress while the latter is due to the hydrostatic stress component. As 
a result, in the general state of stress in which both compnents are 
present failures may be'mixed, even at a single temperature depending 
on which component is controlling at any particular rupture life. The 
interesting consequence of this is that for hydrostatic tension having 
no deviator component failure could be only intercrystalline, while for 
pure shear with no hydrostatic component failure could be only 
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tramcrystalline. This latter seems to be in good agreement with the 
fFndFngs of the present investigation. However, torsion tests should 
be conducted on alloys showing greater embrittling tendencies in tension 
than the present material to de termine if Siegfried's concept is 
generally valid. 

Shear stratis at fracture for thfs alloyvarybothwith the time 
of testing and the temperature as seen in table II. Atbotih1200° and 
1350’ F there is in general a decrease of fracture strati with decreasing 
time to rupture while at lwO" F there is an increase of fracture strain 
for decreasing time to rupture, although the one rapid test shows greatly 
decreased ductility. It must be noted, however, that there 1s too much 
spread in the data to attempt to draw any quantitative conclusions. It 
may be stated, however, that in general fracture strains increased with 
3ncreastigtPsperature. 

The effects of stress concentration are seen to be most pronounced 
at lx>O' F and although comparatively small at 1500° F, these effects 
are still present to a noteworthy degree. There fs great scatter in 
the average fracture stratia although, again, a trend toward higher values 
a% higher temperatures. The **nominal fracture strain" reported is 
closer to an average strain over the entire specimen at fracture than 
to a localized strain at the source of stress concentration. 

The effect of stress concentration even for this relatively mild 
source, namely the circular hole, is a matter of practical importance 
because of the tremendous effect on time to rupture at a given value of 
no-1 stress. The rupture-life factor of 3.33 at1500° F may be small 
compsred with a factor of 25 at 120C" F but it is still a matter of 
vital concern in design work. 

Massachusetts Institute of Technology 
Cambridge, Mass., November 22, 19% 
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TABLE1 

FRACTTJRE RATAOF TBsTSWIZ3 STWSS CONC~ION 

Temperature Nominal shear stress Cfme to rupture Average fracture strain 
t-1 (psi) b) (1) 

I200 24,130 
29,000 
3l,W 

$E > 

1350 13,970 
17,460 
19,970 
24,150 
26,330 
26,500 

ll 

0.073 
32.8 '. lo5 
12.5 .147 
7.5 .178 
1.4 .220 

6a6 
53.8 

0.294 
.283 

25.8 6.6 :03;:: 

534 0.272 

174 56.9 ::g 
14.8 .358 
2.2 .23-o 

?&ken from head motion of testing machine. Includes elastic 
deflections. 



13% 0.100 
.lLJO 
.loo 
.OBo 
.0&l 
.xJo 
.loo 
.m 
Jo0 
.lm 

1500 0.100 
.loo 
.lOO 
.loo 
.lOO 
.lJxl 
.lm 

0.080 
,080 
.080 
.OBo 
.083 
.d80 

ailfl hr - fallure of time clock. 

Ttitol-llphzre 

b) 

66.6 

323 

E-2 
29:4 
22.0 

az I 
108 

E 
36.3 
34.6 

~~*: 
4:1 

b5@ 
225 
ul3 

z.9 
18.8 
%l!2 

%ome strain recorclinge tissed because of time-clock failure. 
4he t42 applyflill. loadis appecidile, Qprox. l>mln. 

0.583 - 
.5= 
.362 

:g 
.3a 

0.841 
1.06 
.875 

:% 
.774 
.909 
.84J- 
.378 
.69 

1.005 
-774 

1.04 
1.18 
1.12 
1.26 

,335 

Type of failure 

Transcryetalline 

TraIlscryBtall~ 

TranacryalxUine 
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wm III 

coMBmED+z!Tmss l!zrmms 

Temperature 
(-9 

1350 

1500 

Ratio of ahear to tensile stress 
for given rupture life, T/D 

Short-time tests Long-tine teste 

0.74 0.74 

-73 .74 

965 -73 

SUMMARY OF BTFGSS-COKEXL!MTIO?X EFFM=TS 

Temperature Average stress-concentratfon , Average time-to-rupture 
(OF> factor factor 

3200 1.33 25.0 

1350 . 1.27 7.5 

J-500 1.16 3.33 
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Figure l.- Entire testing frame with furnace in position. 



. I . . . 

JkLgwe 2.- Close-up view of test frame. m.gm 3.- Comections of test spednan. 



NOTE A: BORE 8 0.0. MAY BE ,+ .OOS IF WALL 

THICICNESS IS . IO00 * .OOOS. 

NOTE B :IN FORMNG FILLETS AT ENDS OF 

TEST SECTION PARTICULAR CARE IS 

TO BE EMPLOYED TO AVOW) UNDER 

CUTTING. 

3/16 1-H R SEE NOTE B 

. 

Figure 4.- Modified torsion creep specimn. 

, 1 
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Figure 5.- Control system. 
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Figure 6.- Comparison of tension and torsion stress-rupture data. 
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Figure 8.- Photomicrograph of fracture. 
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Figure Y.- Torsion creep curves at 1200° F. 



22 NACA Bf 5lEO4 

I.1 

1.0 

.S 

.8 

.7 

,I 

0 

c=egnoo 

I) T 

t-sIpa 

I i . 

I- 

P 
L- 

; = 22,750 

IO loo I20 I 
TIME , HOURS 

I 

Figure lo.- Torsion creep curves at 13g" F. 
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Figure ll.- Torsion creep curves at $OO” F. 
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Figure l2.- Effect of stress concentration on time to rupture. 
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Figure 13.- Tgpica.l fractured specimen for each of three temperatures. 
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Figure I!A.- Compsxison of tension and torsion creep curves at 120C" F. 
Tension data uere furnished by kiversitg of Mi.ChigaUj torsion data 
were furnished by M.I.T. 
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